Avian reproduction studies are a regulatory requirement for pesticides in many regions. The data often require careful interpretation due to the nature of the study design. Here we present the historical control dataset for bobwhite quail and mallard duck reproduction studies performed at the Evans Analytical Group LLC avian toxicology laboratory over the period . The analysis demonstrates the stability of reproductive parameters over time and good agreement to normal control ranges as required by the regulatory test guidelines. The major source of variation is shown to be within study variation. Power analyses confirm the generally good power properties of the test design. Recommendations for the use of historical control data for the interpretation of avian reproduction studies are made. We believe the analysis and evaluation presented here can facilitate the development of practical guidance that can be implemented in regulatory programmes requiring this test.
Introduction
Avian reproduction studies are required for the hazard and risk assessment of plant protection product active ingredients in many regions (e.g. Europe and the United States). Studies are required in at least one (EC, 2013) and possibly two species (typically bobwhite quail and mallard duck, respectively) (US EPA, 2017). While these animalintensive, complex, and expensive studies have been routinely performed since the late 1970s, careful data interpretation is required due to the limited number of treatment levels (typically 3), low replicate numbers (12-16 male-female pairs), and high number and nature of the variables assessed. Consequently, statistical differences between the concurrent control and treated groups may arise by chance alone, and in some instances may even appear to be treatment-related. The concurrent control is the most relevant group for comparisons to derive effect levels. However, the historical control data (HCD) from the same (and sometimes multiple) laboratory can also be used to assist in the data analysis. For example, HCD can be used to clarify seemingly random statistically significant findings or statistically insignificant trends. Indeed this approach is advised in European guidance for avian reproductive risk assessment (EFSA, 2009 ). However for ecotoxicological test systems, in contrast to mammalian toxicology, there is limited guidance on what HCD should be used, and how it can be used in data evaluation. To begin to address this gap, we present and analyse the HCD for bobwhite quail and mallard duck reproduction studies of Evans Analytical Group LLC avian toxicology laboratory (Easton, Maryland, USA; formerly Wildlife International Ltd). This laboratory has been at the fore front of developing and running avian toxicology tests for the past 40 years. The laboratory has maintained a historical database of reproduction studies for this entire period. As such these data represents a unique resource to investigate what should constitute historical control data for regulatory studies and how it might be used to aid interpretation of new and existing dose response studies.
The objective of avian reproduction studies is to evaluate the reproductive effects of dietary exposure of adult birds to a test substance over a twenty week period. Effects on adult health, body weight, and feed consumption are evaluated, but the main focus is on the reproductive parameters: number of eggs laid, fertility of the eggs, development of eggs including viability and survival of the embryos, hatchability, offspring survival, and egg shell thickness. Most current studies are performed to meet the requirements of both the OECD (OECD, 1984) and US-EPA (OCSPP, 2012) test guidelines. Key elements of the test design are described in Table 1 . Studies are performed throughout the year using birds from reputable game bird suppliers that are acclimated to laboratory conditions. Birds are typically paired, though the test guidelines also allow for small groupings (see Table 1 ), and randomly assigned to treatment groups. Pairs are housed individually in pens and fed either control diet or diet incorporated with the test item (up to a limit dose of 1000 mg/kg). Adults are monitored daily and their body weights measured every two weeks during a preegg laying phase (approximately 10 weeks), after which the photoperiod is increased to induce egg laying. There is typically a 10 week laying period. Laid eggs are set weekly for incubation and egg shell thickness is measured on randomly selected samples. All other eggs are 'candled' (i.e., using a bright light source behind the egg to show details through the shell) to allow for an assessment of cracks or any other abnormalities. Furthermore, candling is performed during incubation to assess embryo mortality or infertility. Hatching is recorded and chicks are weighed immediately and after 14-days. All data and calculated indices of the response variables are analysed to determine statistically significant differences amongst treatment groups.
HCD is commonly used as an interpretative tool for the analysis of mammalian reproductive, developmental and other toxicity studies that are also required for the registration of plant protection product active ingredients. In this context the HCD is employed to (a) understand the normal range of given endpoints, (b) better characterise rare findings (such as fetal malformations), (c) monitor biological variability over time that might be influenced by external factors (e.g., genetic drift in specific strains of test animals etc.), and (d) monitor internal factors that may have changed in the performing laboratory (e.g. diet, staff proficiency etc.). Indeed the EU Plant Protection Product Regulation data requirements specify that the HCD should be routinely provided and specify what it should be (EC, 2013) . The HCD should concern endpoints that represent adverse effects, be strain-specific and be generated from the laboratory which carried out the study. Further, it should cover a five-year period, centred as closely as possible on the study (EC, 2013) . However, more generally data from different testing facilities and covering larger windows of time (e.g. ± 5 years) are often used (e.g. the Registry of Industrial Toxicology Animal database 1 ). The approach is also reflected in the 'Guidance for Risk Assessment for Birds and Mammals' (EFSA, 2009) . The guidance allows the effects in mammalian reproduction data to be interpreted with the range of comparable historical control levels to support endpoint derivation for wild mammal risk assessment. Comparable controls must be from studies carried out following the same protocol/guideline and conducted within an appropriate timeframe (e.g. ± 2 years) (EFSA, 2009) . These factors also apply to the interpretation of avian reproduction studies. However, an analysis had not been performed to aid the development of such guidance for the avian studies. The analysis and evaluation presented here is intended to facilitate the development of such practical guidance and lead to improved interpretation of regulatory studies.
Database description
The avian toxicology laboratory at EAG-Easton has been performing reproduction studies in bobwhite quail and mallard duck since 1978. Historic control data is continuously collated in an Excel database format for all studies performed. Throughout this period there have been relatively few changes to practical procedures and expression of the parameters measured in these studies. However, inevitably over such a period some changes have occurred. For example, for studies conducted between 1978 and 1983 not all parameters were recorded. However, from 1984, coinciding with standardisation of the test guideline (OECD, 1984) a robust dataset for the key reproductive parameters expressed as mean and standard deviations are available. Therefore, the data presented here are from 301 bobwhite quail and 292 mallard duck studies conducted between 1984 and May 2016. Significant changes, such as data expression norms, have been captured in the database and are discussed where appropriate to the analysis below. For mallard duck all birds were obtained from a single supplier or hatched at the laboratory from parents obtained from the same supplier. For bobwhite quail a total of 18 suppliers have been used. Table 2 summarises the dataset analysed.
Statistical methods

Descriptive statistics
Descriptive statistics (mean and quantiles of the distribution of study means) were calculated. These statistics are based on the empirical distribution (i.e. no assumptions made e.g. normality). Historical time series of control study means were plotted as control charts. These were visually inspected to evaluate data quality.
Variance components analysis
One of the objectives was to evaluate the different sources of variation for the reproductive endpoints: variance within study -between replicates or pens-(σ pen 2 ) and variance between studies (σ study 2 ). In the case of bobwhite quail, where different bird suppliers were used and reported, we also evaluated the effect of this factor (σ suppl 2 ). In the case of Mallard duck, where a single supplier has been used throughout, σ study 2 of continuous data (i.e. No. of eggs/hen/day and eggshell thickness) was estimated as the variance of the study means. ( ) , where supplier and study are random effects (study = residual error). For both species, the pooled variance calculated with the variance between pens from the different studies σ pen p 2 was used as variance between pens for the analyses. In the case of endpoints expressed as percentages (binomial data) only means and standard deviations were available. Moreover, confidence intervals of the mean are bounded between 0 and 100% whereas the assumption of the normal distribution would give confidence intervals out of this range. Therefore, use of generalized linear models with a ) to the total variance was expressed as percentage. Additionally, these variance estimates were back transformed from the logit to the proportion scale using the delta method (Stroup, 2012) , making possible the quantitative comparison of sources of variation between different reproductive endpoints.
Confidence and prediction limits of the means
The average value of the study means (x j for continuous data, n j for binomial data in logit scale) and the pooled variances between pens across studies ( σ pen p 2 for continuous data, σ pen p 2 in logit scale for binomial data) were used as inputs for linear and generalized linear mixed model analysis. With these models, confidence and prediction intervals (CI and PI respectively) of the control mean in the average study were calculated. CIs express the precision with which the population mean is estimated, PIs express the precision with which the mean of an additional future study can be predicted. The linear model for continuous data is described as:
where variation between pens is the residual error. The equivalent generalized linear mixed model for binomial data (linear estimator in logit scale) is:
where N i is the number of eggs/pen and p i is the proportion of eggs which complete the stage.
The random factor pen N σ (0, )
has an equivalent role to the residual error in linear models, and captures the variation between pens and corrects for potential over-dispersion (Stroup, 2012) .
The outputs of the mixed models specified above, least squares means and their standard errors, were used to calculate the CIs and PIs with the standard formulas (Littell et al., 2006; Zar, 2010 ):
where m is the sample size of a future study. The prediction intervals for the mean are calculated based in a future study with same sample size = 16, so in equations (3) and (4) . The use of prediction intervals is a well-established technique for the evaluation of equivalence and acceptance criteria (Hahn and Meeker, 1991) .
Power analysis
The effect of the number of pens on the statistical power and minimum detectable difference (MDD) was calculated following the analytical method described by Stroup (2012) . The power analysis was implemented in SAS using a 3 step process:
1. Create an exemplary dataset, for a given number of pens per treatment, in which expected values (means) instead of actual data are used. In this case, a representative experiment with 4 treatments (1 control group and 3 treated groups) was used. Mean values were chosen to reflect the minimum detectable difference (MDD) for the comparison or contrast of interest (i.e. control vs treatment 1). 2. Run proc GLIMMIX on the exemplary data set and experimental design with variance component held constant. Power calculations were performed with the average value of the variation within studies for each endpoint. This procedure calculates the standard error of the difference and denominator degree of freedom for the specific difference, number of pens, and variance value. 3. Use SAS probability functions to calculate t critical for the desired comparison tests (i.e. one tail t-test, alpha = 0.05, with Dunnett's correction for multiplicity, and Williams trend test, alpha = 0.05). The number of hatchlings (embryos that mature, pip the shell and liberate themselves from the egg) removed from the hatcher, divided by the number of live 3-week embryos (per pen) multiplied by 100 Percent 14 day/hatch
The number of 14-day old survivors (offspring surviving to two weeks of age), divided by the number of hatchlings (per pen) multiplied by 100 Percent hatch/set
The number of hatchlings, divided by the number of eggs incubated (set) (per pen) multiplied by 100 Eggshell thickness (mm)
The average egg shell thickness of indiscriminately selected eggs (per pen) Individual hatch bodyweight (g)
The body weights of live hatchlings after removal from the hatcher 14 day bodyweight (g)
The body weights of live 14-day old survivors after two weeks of brooding a Studies prior to January 1993 based on day of first egg rather than day of photo-stimulation.
P. Valverde-Garcia et al. Regulatory Toxicology and Pharmacology 92 (2018) In order to calculate the MDD for a given power and number of pens per treatment, the iterative process of changing the exemplary data set (expected mean values and number of pens), and run the 3 steps until reach the desired power close to 0.8. In the case of binomial endpoints, the calculations are performed in the logit scale and then back-transformed to the proportion scale.
Additionally, for methodological comparison purposes, in the case of n = 16 pens per treatment, power for the same MDDs was calculated using simulation (R function "simulate" from the statistical package lme4).
Statistical analyses were performed with Proc Mixed and Proc Glimmix (SAS v 9.4) and the package Lme4 (R 3.2.1).
Results and discussion
Descriptive statistics
Mean and quantile ranges (2.5 and 97.5%) calculated with the empirical distributions of the study means are presented in Table 3 . Graphical plots for key parameters are presented in Fig. 1 (bobwhite quail) and 2 (mallard duck). Data are plotted in chronological order and represent the average of the study means with their 95% confidence limits.
Different statistical methods (e.g. control charts tests and time series analysis) can be used to detect potential non-random trends and evaluate their root causes. If there are no clear reasons to discard the data, and the variation is just experimental and biological, the data can be used for the analysis, since those conditions could happen in future studies. Nevertheless, it is appropriate to leave open the criteria for the use of specific time windows of HCD if the investigators have existing knowledge on the causes of experimental and biological variation within the datasets employed.
As an example, if the tests to detect shift in the process mean in control charts and autocorrelation in time series analysis (Nelson, 1985; SAS, 2015) are applied to eggshell thickness of bobwhite quail; we can observe that prior to 1996, there are two sets of studies where autocorrelation and shift of the mean were detected (see Fig. 1 ). If those studies are excluded, autocorrelation and shifting are corrected. However, it was decided not to exclude this data from the analysis presented here since there was no information available to justify excluding it.
The data indicate that control response for both species has been stable over time (30 + years). Significantly, the means are in good agreement with the OECD guideline for normal (typical) values (see (OECD, 1984) ) and the OSCPP guideline control responses for 'satisfactory' tests (OCSPP, 2012) . The mean responses from the historical controls fell within these species specific typical ranges (see Table 5 ). 
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The only exceptions, marginally out of range, were for mallard number of eggs laid/hen/day (OECD only) and egg shell thickness (OCSPP only). Thus, the representativeness of the historical control database for both species has been demonstrated within this laboratory.
Variance components analysis
The variation within a study (biological and experimental variation between replicates or pens) accounts for most of the variation of the historical control datasets for the different reproductive endpoints i.e. 64.9-93.4% (Fig. 3, Table 4 ). Between studies variation only explained a relatively small percentage of the total variance (5.7-35.1%). In the case of bobwhite quail, where the contribution to the total variance of the bird source (supplier) could be calculated, this factor accounted for an even smaller proportion (0.3-12.9%). These results indicate that the majority of the variation is from the intrinsic biological variability of the reproductive parameters and typical experimental variation within this laboratory.
The quantitative comparison of the variance components between species and between endpoints within a species, can be evaluated from Table 4 , and also graphically ( Figs. 1 and 2 ). For the binomial endpoints (expressed as percentages), the parameters with more variation within study were hatchlings/egg set (%) and viable embryos/egg set (%) for bobwhite quail and hatchlings/egg set (%), hatchlings/live 3 week embryos (%) and viable embryos/egg set (%) for mallard duck.
Confidence and prediction limits of the means
Once the linear and generalized linear mixed models were applied to the HCD, the confidence and prediction intervals for the means of the respective reproductive endpoints were calculated (see Table 5 ). The prediction interval for the mean provides information about the expected value of the mean of a future study, and can be used to evaluate the reproductive performance of the birds used in a particular study relative to expectations under the same test conditions of that experiment in the context of the known HCD. It is interesting to compare to 
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Regulatory Toxicology and Pharmacology 92 (2018) 295-302 the prediction intervals to control ranges provided in the test guidelines (OCSPP, 2012; OECD, 1984) . The prediction intervals derived from the HCD and the guideline ranges (see Table 5 ) are aligned. However, some parameters are predicted to be more variable than the guideline values. This is most marked for the percentage of eggs cracked/eggs laid where the higher upper prediction interval (12.6 and 7.2% bobwhite and mallard) exceeds the guideline upper limits (2 and 7% bobwhite; 7 and 4% mallard for OECD and OCSPP respectively). However, the analysis presented here (at least for one laboratory) generally supports the use of typical control responses from the guidelines as general indicators of appropriate study performance. Furthermore, the origin of the guideline values is not transparent and at least in the case of the OECD guideline values, they have not been revisited since the first inception of the test guideline (i.e. pre-1984) . Therefore, it may be timely to re- Regulatory Toxicology and Pharmacology 92 (2018) 295-302 examine these values using the HCD of multiple laboratories performing the test for any future guideline revisions.
Power analysis
Power analysis, in the case of 16 pens per treatment (i.e. the typical regulatory test design), and effect of sample size on statistical power are presented in Table 6 and Fig. 3 respectively. Statistical power is expressed as minimum detectable difference (MDD) at a power of approximately 0.8. This is, differences that would be detected as statistically significant 80% of the time. The results obtained with Dunnett's one tail t-test and William's trend test were very similar. These two tests are common examples of the different options available for mean comparisons to an untreated control; the William's trend test tends to offer slightly greater power and concomitantly lower MDDs under monotonicity (Jaki and Hothorn, 2013) , although it is more difficult to calculate and it is not available in many statistical packages. Equivalent results of power analysis were obtained with the analytical and simulation methods (Table 6) .
MDDs for endpoints expressed as percentages can be interpreted intuitively with no additional mathematical transformation, e.g. for Hatchlings/live 3 week embryos (bobwhite quail) a MDD of 16% means that a difference in averages between control (e.g. 93% of Hatchlings/ live 3 week embryos) and treated (e.g. 77% of Hatchlings/live 3 week embryos), 93%-77% = 16%, would be detected as significantly different 80% of the time. Power results for n = 16 pens per treatment ( Table 6 ), showed that, as an average, differences with the control > 34% can be detected as statistically significant 80% of the time (mallard hatchlings/live 3 week embryos). Continuous data express the MDD in the units of measurement. However, for a relative indication of performance this can be compared to the mean historical control response. For number of eggs/hen/day and eggshell thickness this translates to 28.8-32.8% and 5.6-6.9%, respectively (ranges representing species and statistical method differences). Further analyses were performed to investigate the influence of increasing the number of pens per treatment on the statistical power (Dunnett's test only). To demonstrate the influence of increased replication three endpoints per species were chosen to cover the range of statistical power (Percent 14 day/hatch, percent hatch/set and percent live 3 week embryos/viable embryos). Fig. 3 shows this power analysis with replication with up to 30 pens per treatment. This indicates that the typical study design of 16 pens represents a reasonable trade-off as the MDD begins to plateau at > 16 pens and so increasing replication does not dramatically improve the MDD and power properties. Considering, the high intrinsic variability in reproductive parameters this analysis demonstrates that the test design, within this laboratory, is capable of detecting biologically meaningful treatment related changes with reasonable power.
Recommendations
Laboratory specific avian reproduction HCD should be more routinely considered to aid data interpretation. We believe this could generally follow the principles established for mammalian toxicology.
The HCD can be particularly useful under the following circumstances:
1. Spurious findings -when trends exist that are either not statistically significant or effects are found in the high treatment level which are not statistically significantly different (conservatively considered treatment-related as a dose response cannot be excluded). An example of this is presented in box 1. 2. Responses are higher or lower than controls in all treatmentspossible aberrant control response. An example of this is presented in box 2. 3. To provide context as one of many sources of information that add to the ''weight of evidence'' approach when assessing the potential avian long term effects in risk assessment (EFSA, 2009 ).
In the first two data evaluation cases (within a study) the control or treatment responses can be compared to the laboratory HCD to determine if the observed response is in line with the larger control sample or if it is atypical. If the control or a treatment is considered atypical then an outlier analysis of individual pen responses (i.e., variable in question) may be performed to establish if these are unduly biasing the mean response. If outliers are excluded (or do not exist) the mean response can be considered outside of the HCD and therefore inferences made concerning whether study comparisons are treatment related or not. For case 3 listed above, more directly related to risk assessment it may also be informative to look at HCD responses from other laboratories since multiple populations and test conditions may also increase the power to discriminate adverse effects relative to wild bird populations.
Practically, it is important to define the bounds of the HCD. As discussed, for regulatory purposes mammalian toxicologists typically use a ± 5 year window of data. In some circumstances, a larger window is used when particularly rare findings are concerned. However, this represents a divergence between the toxicology and ecotoxicology disciplines, as the latter is typically not concerned with individual animal incidences of findings (i.e. tumours) but rather population relevant responses (mortality, growth, development and reproduction) as required by the respective human and environmental health protection goals (Suter et al., 1993) . Since both the bobwhite quail and mallard duck control responses are relatively stable, at least under test conditions at EAG-Easton, over such a large period of time (> 30 years) a larger window of HCD is considered appropriate. For other laboratories, a similar analysis would need to be performed and the HCD defined
Box 1
Example of potential spurious finding evaluation using the HCD.
Example of a potentially spurious finding based on hatchlings/live 3 week embryos expressed as a percentage. The high treatment response (treatment 3) might seem as treatment related as it is lower than the control response but not statistically different. However, using the HCD the situation is clarified as the high treatment mean is clearly within the predicted Intervals establishing that there is no effect of treatment. The HCD is presented as the entire dataset (upper and lower prediction limits) and −10 years from study initiation date to show a more detailed view of control replicate and mean responses as if it was a contemporary study evaluation (i.e. evaluated in 2015 with no following HCD). Filled circles in HCD and within boxplots are mean values. Open circles within boxplots are values per pen. Error bars in HCD represent the 95% confidence interval for the individual study mean.
depending on that laboratory's variation(s) in response(s). However, this approach, does not preclude potential future changes that could impact biological performance. Therefore, it is recommended that the following approach and priority to control evaluation.
1. The concurrent control -the most appropriate initial comparator. 2. The largest window of control response available where response stability has been demonstrated over time. In practice this will be expressed as the 95% prediction interval of the HCD for each parameter. 3. The laboratory historical control response ± 5 years from study initiation date to show a more detailed view of control replicate and mean responses around the responses being evaluated. For a contemporary study evaluation −10 years will apply. This is for graphical presentation purposes and should not take precedence over the larger dataset (see point 2) where available.
We believe this is appropriate as it fits with current regulatory guidance for wild mammal reproductive assessments (EFSA, 2009) , utilises all of the available data and is statistically appropriate. It is assumed that 95% prediction intervals are more appropriate than confidence intervals when assessments of the concurrent control are made and that concurrent control value is excluded from the calculation of HCD. If the concurrent control is not excluded from the HCD then the 95% confidence limits are more appropriate. When assessments of treatment responses are made it is always most appropriate to use prediction intervals as no treatment data are included in the HCD. We believe the primary purpose of these evaluations is to improve the data interpretation of studies using the HCD from the performing laboratory. However, in the future as more HCD datasets become available it may be possible to further address questions concerning the responses of birds from different populations and held under different experimental conditions. Such analyses may provide interesting insights into what magnitude of change might be considered truly adverse to inform the risk assessment process in which these data are used.
Conclusion
The dataset and analyses presented demonstrate the wealth of baseline control information available for this standardised test design. Moreover, the relative stability of both species' responses over a considerable time period (> 30 years) and variance components analysis show that the observed variability is likely due to intrinsic biological variation and typical experimental variation rather than other potentially controllable factors. The robustness of the test design is supported by the good agreement to 'typical' values established when the test guidelines were originally established (i.e. ca. 1984). In addition, the power analyses presented here show that greater replication would not dramatically increase the power properties for most reproductive endpoints. However, due to the nature of the test and limited number of test item treatment levels variation that can complicate the interpretation of individual studies is not uncommon. The HCD approach can therefore be useful to aid interpretation, improve regulatory decision making and minimise the need for repeat testing. We believe the analysis and evaluation presented here can facilitate the development of practical guidance that can be implemented in regulatory programmes requiring this test. More generally, we hope that HCD analyses will be more frequently used to improve the interpretation of ecotoxicology studies similar to their regular use in mammalian toxicology.
Box 2
Example of potential aberrant control evaluation using the HCD.
Example of a possible aberrant control response based on the number of eggs laid/hen/day. All treatment responses are lower than the control response indicating a possible effect of treatment at all doses. However, using the HCD it is clear that the control response is unusually high and that all treatment groups are within the predicted Intervals establishing that there is unlikely to be an effect of treatment. The HCD is presented as the entire dataset (upper and lower prediction limits) and ± 5 years from study initiation date to show a more detailed view of control replicate and mean responses as if it was a historical study evaluation. Filled circles in HCD and within boxplots are mean values. Open circles within boxplots are values per pen. Error bars in HCD represent the 95% confidence interval for the individual study mean.
